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mecbanism responsive to said ionic load for controlling electrical ciurents to said at least one 
segmented electrode. 



13. An dlectrodialysis apparatus according to Claim 1 wherein said electric control 
system for m ai n tai n i ng removal of fiee and combined carbon dioxide in said predetemiined 
r^ons also comprises at least one segmented electrode and a confa'ol mechanism responsive 
to said ionic load for controllmg electrical currents to said at least one segmented electrode. 

14. A process for rmoving ionized and/or ionizable substances from a liquid 

containing sudi ionized and/or ionizable stibstances^ &e process comprising the 
stepso£ 

providing an electrodialysis stack including at least a diluting compartment at 
least a concentrating compartm^ at least an electrode compartmrat, at least an electrode 
pair, and inlets and outlets for Solving liquids to or 6om I3ae stack, said stack forfher 
comprising one or more subsystems selected from the group consisting of: 

a) means internal to said stack enabling effluent from diluting compartments in said stack to 
flow at least in part fluoygji concesattaling compartments in said stack in a flow direction 
ftat is substaiitialty opposite to tte flow direction in said dilutmg conq)arto 

b) means within said stack enabling efQuent from diluting compartments of said stack to 
Sow at least in part ^JTov^ at least one dectrode compartment of said stack; 

c) concentrating compai tmeuls haviiig ion exdiange material juxtaposed to a cation 
exchange membrane and ion exchange material juxtaposed to an anion exchange 
membrane, said Urn exchange material juxtaposed to said cation exchange membrane 
consisting substantially onty of cation exchange mat^al and said ion exdiange material 
juxtaposed to said anion exdbai^e membrane consisting substantially only of anion 
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exchange material, furdber wheiein said ion exchange 0iatenal(s) are not integral with 
said anion or cation exchange membrai^ and said ion exdbange nuiterial(s) are 
penneaUe to btdk flow of liquid fliroiig^ said compartments; 

d) means at and/or in at least one edge of at least one flow path in a concentrating 
compartment spacer for diverting flow at said edge away from said edge; 

e) means at and/or in at least one edge ofat least one flow path in a diluting compartment 
spacCT for diverting flow at said edge aw^ fixmi said edge; 

f) inteimembrane spacers including means therein enabling gases in flow paths in said 
spaceis to escape fi^om said flow palfas, said means not oiabling liquid substantial^ to 
escape fiom said flow paih; 

g) conc^xtrating compartments having flow paths including at least a screen element having 
a sur&ce region, said scimi element comprising an ion-^xchange-fiinctionaiized region 
substantially only in said sur&ce r^on; 

h) dilutung compartments having flow paflis including at least a scre^ element having a 
sur^e region, said screen element conq)rising an ion-excbange-fiioctionafized region 
substantially only in said sur&ce region; 

i) dqpendency-iidennining means for deternunh^ 

I/q(c^ - CaotX liriieie is anieasure of Ae electrical resista^ 
compartm^its in said stack, I is a measure of electrical current ^plied to said stack, q is a 
measure of&ow rate in said dilutipg compartments, c^ is a measure of ionized and/or 
icmizaUe species per unit vohmie in liquid influent to said dilutii^ compartments, Cqqi is a 
measure of icmized and/or ionizable species per unit volume in liquid efQuent from said 
diluting compartmenis; inflection-determining means for determining any substantial 
inflecti<m in sudi dep^dency, and stack-operating means for opiating said stack at one 
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or more values of I/q(Cm- CouO which result in values of Kpod greater (haa the value of 
Rptod at such inflection; 

j) means for maintaining predetenmned removal of silica and/or boric acid in diluting 
compartments of said stack including means for determining ionic load fed to said 
diluting compartments and means responsive to said ionic load controlling said electrical 
current at levels effective to maintaia such predetermined removal; 

k) diluting compartments comprising at least one membrane having a surface texture facing 
at least part of at least one flow path in at least some of said compartments, said surface 
texture causing substantially increased surface area of said membrane compared to a 
similarly configured membrane not having surface texture; 

1) concentrating compartments comprising at least one membrane having a surface texture 
&cing at least part of at least one flow patii in at least some of said compartments, said 
surface texture causing substantial^ increased surface area of said membrane compared 
to a similarly configured membrane not having surface texture; 

m) diluting compartments comprising at least one membrane having a sur&ce texture facing 
at least part of at least one flow path in at least some of said diluting compartments, said 
surface texture effecting substantial contact witii the adjacent membrane, said adjacent 
membrane having or not having not having surface texture; 

n) concentrating compartments comprising at least one membrane having a surface texture 
&cing at least part of at least one flow patii in at least some of said concentrating 
compartments, said surface texture effecting substantial contact with the adjacent 
membrane, said adjacent membrane having or not having not having surface texture; 

o) means for maintaining removal of free and combined carbon dioxide in predetermined 
regions in diluting compartments of said stack including means for determining ionic load 
fed to said diluting compartments and means responsive to said ionic load controlling said 
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at mm values of I/q(Cift- vdiidi result in values of Rpwd greater than the value of 
Rpoa at sudi inflection; 
j) means for maintaimngpfedetenninedimovd of 

compartments of said stack inchiding meam for detenn^ 

diluting compartments and memis responsive to said ionic load controlling said electrical 
cuneot at ievds e&ctive to maintain sudi predetermined rem^ 

k), dilulnig compartments comprismg at least one membrane having a sur&ce teictuie fadng 
at least part of at least one jSow path in at least some of said compartments, said sur&ce 
texture cauang substantially increased sur&ce area of said membrane compared to a 
siinilariir configured m^brane not having sur^ 

. Q concentrating compartments comprising at least one membrane having a sur&ce texture 
&cing at least part of at least one flow path in at least some of said compartments, said 
sui£ice texture caui^nig substaotialty increased sur&ce area of said membrane compared 
to a similarly configured membrane not having sur&ce teistuie; 

m) diluting compartments con^prising at least one membrane having a surface t©cture fadng 
at least part of at least one flow path in at least some of said diluting compartments, said 
suifice texture efiectipg substantial cont^ adjacent membrane, said adjacmt 
membfane having or not having not having surface texture; 

n) coQcentratmgcon^artm^its comprising at least one membrane havio^ 

&dng at least part of at least one flow patii in at least some of said concentrating 
compartmmts, said su^e texture ^Gfecting substantial contact witii &e adjacent 
membrane, said adjacent membrane havmg or not having not having surface texture; 

o) means for maintaining removal of flee and combined carbon dioxide in predetermined 
regions m dihiting ciompartmails of said stack inchiding means for detern^ 
. &d to said diluting compartments and means responsive to said ionic load controlling said 
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electiicdl currbot at levels efiecttve to maintain such removal in such predetermined 
regions; and, 

floining said tiqmd into said stack and at^^ring ele^ 

15. A process according to Claim 14 fiiifiier comprising the steps of providing one 
dc more cation exchange membranes and one or more anion exchange membranes wound 
togeflier in sgixsi fcrm, togeflier forming one or more spiral diluting compartments. 

16. A process according to Claim 15 iurdier comprising &e steps of providing 
liquid entrances and exits arranged to effect flow of liquid in said one or more spiral diluting 
compartments inwardly in a spiral or alternatively outwardly in a spiral, said process fiirther 
comprising effecting flow of liquid in said compartments inwardly in said spiral alternative^ 
outwardly in said q)iral. 

17. A process according to Claim 15 fljrftar comprising the steps of providing one 
or more spiral diluting compartments defining a central axis, said process also providing one 
or more liquid entrances and exits arranged to effisct flow of liquid in said one or more spiral 
dilutiog compartments in a dtrection parallel, alternatively anti-parallel^ to said axis, said 
process flirther conqtrisii^ periodical^ flowing liquid in said compartments parallel, 
alternatively anti-i>ai^el, to said axis. 

18. A process according to Claim 14 furA^pomprising the steps o 

means for reversii^ electrical current direction tfarougjh said stack and in which said process 
furtfaa* comprises reveiang electrical cunrent directioa 
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19; A process according to Claim 14 further comprising flie steps of providing 
means for xereising flow direction in diluting compartments and in ion concentrating 
. compartm^ils and in lA^ddi said process further compi^^ 
dilutii^ compaitments and in ion concesitrating compartmems. 

20. Apiocessaccordingto Claim 14 further comprisihgft^ 

dilu&ig con^artmedts of said stack ion exdiange matmal juxtaposed to a cation exchaz^e 
membrane and ion exchange material juxtaposed to an anion exchange membrane, at least 
said ion exchange material juxtaposed to said anion exchange membrane comprisic(g anion 
exchange material, said anion exdiange material in regions adj acent to conqiartmeiit 
^trances to said compartments being e£Eective to remove fiee and combined (available) 
carbon dioxide from liquid entering said compartments primarily as bicarbonate ^en such 
combined cartxm dioxide is substantially on^ bicarbonate, said process furdier comprising 
flowing liquid into said compartments said liquid including but not limited to fiee and/or 
combined caibon dioxide, and removing free and combined carbon dioxide from said Hquid. 

21. Apiocessaccorda^to Claim 14 further compii^ 

least one segmmited electrode and means responsive to said ionic load fed to said diluting 
compartments and in vMch said process further comprises controlling electrical currents to 
said at least one segmented electrode. 

22L A process according to Claim 14 furdier comprising the steps o£ 
(a) detennining dependency ofRprod on the quantity l/q(cb vAereRp^iisameasureof 
the electrical resistance of product of diluting compartments in said stack, I is a measure of 
electrical ciment apphed to said sta<^ q is a measure of flow rate in s^d di 
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compaitments^ cja is a measure of ioQized and/or i<»uzable species per unit volume in liquid 
influent to said diluting compartmrails, Coot is a measure of ionized and/or ionizable spedes 
per unit volume in liquid efflux fiom said diluting compartments; (b) determining any 
substantial inflection in said dependency; and, (c) opiating said stack at one or more values 
of I/q(Cb- Cm^ wfaidi result in values of S|nod greater than flie value of Kpod at sudi 
inflecti(m. 

23. A process according to Claim 14 further comprising the step of flowing a part 
of Ae efiGhieat from diluting compartments in said stack throu^ at least one otfa^ 
cqmpartmeat wifliin said stack in a flow direction substantiaUy opposite to ibk flow direction 
in said diluting compartments. 

24. A process according to Oaim 14 flirflier comprising flie steps nf ^^Iklijifig a 
predetermined removal of silica and/or boric acid in dfluting compartments of said stack, 
determining flie ionic load fed to said diluting compartments, and controlling electrical 
current based on said ionic load at levels effective to maintain such predetermined removal of 
silica and/or boric acid. 

25. A process according to Claim 14 fiirtfaer comprising the steps of establishing 
in diluting compartments of said stack predetermined regions for removal of firee and 
comfaotted cmbon dioxide, determining the ionic load fed to said dilutii^ compartments^ and 
c<mtroIIiQg electrical current based on said ionic load at levels effective to maintain removal 
of fiiee and combined carbon dioxide within said predetermined regions. 
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DEVICE AND METHOD FORELECTRODIALYSIS 



FIELD OF IHB INVENTION 

Hiis invention pertains to improved electroduilysb C*ED" including TDR") ^paratus 
and systems, including improved filled cell electrodialysis apparatus and systems, and to 
improved processes ^ch uses sudi apparatus and systems. (Filled cell ED is also known in 
1faisartas6lectrodd(Huzation("EDr)- Filled cdlEDR is also known in tiiis art as reversing 
electrodeioiuzatiQn fEDIR**)). 

BACKGROUND O F THE INVENTION 

ED ^paratus having a muHiplidty of ahemating anion selective and cation selective 
membranes was apparraitly first described by K Meyer and W. Strauss in 1940 (Helv. Qiim. 
Acta23 (1940) 795-800). The membranes used in diis early ED apparatus were poorly ion 
sdective. The discovery of ion exdbange (TX*^ membranes (e.g., in U.S. Pat No. Re. 
24,865) vMch had high ion permselectivity, low electrical resistance and excellent stability 
led rapidly to the invention of ED using such membranes (e.g., in US. Pat No. 2,636,852) 
and to the growth of industries using such apparatus^ for example^ for desalting of bracki^ 
water, concentration of sea water, and deashing of cheese y/hBy. During the last 40 years 
approximately 5000 ED plants have be^ installed on a world-wide basis. 

The utility of ED continues to be limited, however, by several technical &ctors, 
particularly relatively low limiting current densities and deficiencies m removing poorly 
ionized substances. Hiese limitations and deficiencies of prior art ED systems are discussed 
fiirtfaer below. 
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A, Liiniling Cuneat Deosi^: 

Because the K membranes used ia ED ate highly selective to ions of one ^ or &e 
olfaer, a substantial fraction of tbe ions passing through Ifae membranes must reach fte 
membrane walls by difRision 6om the ambient solution througji lammar flow layers which 
develop along tibe inter&ces between the membranes and the solutions being depleted of ions 
(ftie "dilute or diluting soludom or streams'* as they are known in ft^ The maximum rate 
of difiiiskm of icms tibrou^ the dihiting solution occurs ^en the concentration of electro^ 
at such membrane interfaces is essratially zero. The current density corresponding to such 
zero concentration at a membrane interface is referred to in the art as.the hmiting current 
density. Toini^asethelunitingcurimtdensilyitisnecessaiytoincre^ 
difRision, for example, by reducing the thickness of the laminar flow layers by flowing the 
ambi^t solution r^idly by the membrane sur&ces and/or by die use of turbulence 
promoters^ and/or by increasing fte temperature. Practical limiting current densities are 
general^ in tiie rarige of 5,000 to 10,000 amperes p^ square meter for each Uogranir 
equival^ of sahs per cubic met^ of solution (fliat is^ 0.5 to 1 amperes per square centimeter 
for each gram-equivalent of salts per liter). A typical brackish water has a concentration of 
salts of about 0.05 kg-eq/m.^ (tiiat is about 0.05-eq/l or about 3000 parts per miOion Cppm")), 
and AerefoFe has a limiting current density in the range of about 250 to 500 ampa:esperm 
(0.025 to 0.05 amperes per cm^. hi order to maximize the utilization of ED apparatus, it is 
desirable to operate at the hi^est possible current d^isities. However, as the limiting current 
densi^ is approached, it is foimd tiiat water is dissociated (Le., "isplif ) hxto Iq^gen ions 
and hydroxide ions at tiie ioter&ces belwe^ die (conventional) anion exchange ("AX") 
membranes and the diluting streams. Hie hydrogen ions pass into the diluting streams while 
ifae hydroxide ions pass tiuoug^ die AX membranes and into the adj acent solutions which are 
being eoricbed in ions (flie "concentrate, c<sicentrated, concentrating or brine solutions or 
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Streams" as fhey are known in the art). Because biacMsh water may often contain calcium 
hicaibonate, there is also a tendency for calcium caibonate to precipitate at the surfeces of the 
(conventioiial) AX membranes ^ch are in contact with ihe concentrating streams. This 
problem previously has been addressed by sevOTi techniques: by chemical or IX softaiing 
of tiie feed waters or the conceatrating streams; by adding acid to the feed waters or the 
cQncentrating streams (mHi or wiihoiit decaibo&ation); by nanofittration CtfF^; or, by 
regularly revmmg tte dhection of passage of fte electric current tiiereby changing the 
concentrating streams to diluting streams (and die diluting streams to concentralii^ streams). 
See, e.g., US. Pat No. 2,863,813. Of the above tedmiques, the most successful process has 
been ihe last maitioned process, namely reverang Ihe dectric current, which is refared to in 
flie art as "electiodiafysis reversal" ("EDR"). 

Ihe theory of limiting current in ED shows diat in the case of sodium chloride 
solution, for WMmple, the catiwi exchange CC3C) membranes should reach their limiting 
current density at values iiriiidi are about 2/3 rdsdiatofthe AX membranes. Careful 
measurements have shovm that such is indeed die case. However, as the limiting current 
density of (conventional) CX membranes is approached or exceeded, it is found that water is 
not split into bydmdde ions and faydrpg^ ions at fte interfaces betvk^en such CX 
membranes and Ihe diluting streams. The di£feriraice in bdiavior relative to the water splitting 
phenomenon of (conventional) AX and CX membranes at Aeir respective limiting currents 
has been explained in recent yeare as catalysis of water splitfc 

flie AX membranes. AX membranes which hai^onty quaternary anmionium anion exdiange 
groups (and no weakly basic groups) initiaDy do not significantiy spht water as 4ieir limiting 
current is q)proadied. Such behavior continues for only several hours, however, after which 
period water splitting begins and increases with time. It is found that the AX membranes 
then contain some weakly basic groups nvhidi have resulted £x)m l^drol^ of quaternary 
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ammoniiim groups. It is concluded fhat splitting of at conventional AX membranes at 
or near tiieir limiting curr^ densities is an unfortunate phenomenon which is unavoidable 
for practical purposes. 

Hie existence of limiting current in ED also means ibat in dihite solutions &e limiting 
current densities are relatively veiy low. For example, at a concentration of salts of about 
O.OOS kg-eqAn.^ (that is about 0.005 g-eqA or about 300 ppm, a concentration topical of 
drinldi^ wa1er)» the limiting current densityr is in the range of firoin about 25 to 50 amperes 
per m.^ (0.0025 to 0.005 amperes per cm.^), i.e., Ibe transfer of salts per unit area per unit 
timeis va7low(e.g.»50 to 100 grams ofsalt per hour per square meter). This problem seems 
firet to have hem addressed by W. Wattm et al. in 1955 ^d. Eng. Chmt 47 (1955) 61-67) 
by filling tte diluting stream compartm^ts in an ED stack (le. » a sales of AX and CX 
membranes) with a mixture of strong base and strong acid ion exchange (DO granules. Since 
ften many patents have issued on Ibis subject, among Ihem U.S. Pat Nos. 3,149,061 ; 
3,291,713; 4,632,745; 5,026,465; 5,066,375; 5,120,416; and 5,^03,976, which patents are 
incorporated herein by reference. Two modes of operation using such filled-cell ED (known 
as EDI) have been identified, hi die first mode, die IX granules serve as extensions of the 
membrane surface aiiea thereby greally increasing the limi^ hilhesecond 
mode, a current density is 2q}pUed which is very much greater Ihw 
density even widi the presence of the DC granules. Under these circumstances, Ihe rate of 
water splitting at membnane^uti^g stream interfaces is very high, and the IX granules are 
predominantly in die strong base and stroiig add forms respectively. Hie apparatus m this 
mode is Aerefore best described as operating as continuously electrolytically regenerated 
(mixed bed) ion exchange. An intermediate mode may also be identified in which fliere is 
some water splitting but die IX granules are not predominanflyr m die strong base and stroi^ 
add forms respectively. 
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Most fiUed-cdl ED (that is, EDI) systems operate in bolh modes, e.g., (1) in the same 
ED cdl, the fiist mode near die entrance to the cell and the second mode near the exit; (2) in 
cells in flow series between a aoog^e pair of electrodes; or, (3) in separate stacks in flow 
series (each stack wifli its own pair of electrodes). FiUed-ceO ED is used to r^lace reverse 
osmosis or cmiventional, diemically regenerated K systems, e.g., a strong acid CX column 
followed by a wealdy basic AX column or, at least in part, a mixed bed DC columa la either 
of Ifae latter cases, flie CX and AX granules are chemicaQy regenerated separate^, e.g., with 
aqueous acidic solutions of sulfuric add or hydrochloric acid and aqueous basic solutions of 
sodium hydroxide respectively. Precipitates of calcium carbonate, calcium sul&te and 
magnesium hydroxide are thereby not obtained. The columns of fine granules are e£fective 
Sitsxs for coUoid matter which is rinsed off the granules during the chemical regeneratioa 
In contrast, in the case of EDI, my calcium, bicarbonate and/or sul&te removed from the 
diluting stream occurs in a fairer conc^ation in the concentrating stream, particulaify 
when it is desired to achieve Ugh recoveries of the diluting stream {yMch. is the usual case). 
Sudi high^ concentrations fiequentfy result in precipitation in the concentrating stream. 
Furfliermore, it is inconvenient (though technically possible) to back-wash the IX granules in 
a fifled-cell ED apparatus fliereby removing any colloidal matter which may have been 
filtered out 

These problems widi EDI are generally solved by pretreatment processes, for 
example: (1) regenerable cation exchange for softening followed by regenerable anion 
exdiai^ absorbents fi>r colloid removal and/or bicarbonate removal; (2) ultrafiltration or 
miciofiltiation fi>r colloid removal followed by EDR for softening and partial 
demineralization; or, (3) ultrafiltration or microfiltration for colloid removal followed by 
nanofiltration for sofienoig or reverse osmosis for softening and partial demineralization. 
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As pointed out above, filled-cell ED is used to repkce, at least in part, ^ niixed bed DC 
cohimn. llie latter, however, general^ produces water having an electrical reastance of 
about 18 meg ofatn-cm and ^ca concentrations near the present limits of detectioa Such 
high peifoimance by jSlled-cell ED (EDI) has been diflScult to achieve until now. 

Removal of Pootfy Ionized Substances: 

ED including EDR) is used in niaoy plants to deashch GeneraOyfte 
natural whey is first concGitrated to the range of 20 to 25 percent solids by weight The 
cuir^t density (that is, ibe rate of removal of ash per unit area of membrane per unit time) 
during ED (or EDR) of such concentrated T^ey remains relatively bi^ until about 50 to 60 
percent of the ash is removed. The remaining ash behaves as if it is poorly ionized, perhaps 
associated or complied widi protein in the whey. An important market for deashed whey 
requires 90 percent or higher deashing. To deash firom about a 40 percent ash level to a 1 0 
percent ash levd using ED including EDR) msy reqmre much more apparatus contact time 
than to deash from 1 00 percent to 40 percait ask This problem may be addressed by the 
more or less continuous addition of acid to the whey during deashing from 40 to 10 percent 
asii, the add appai^nti^freeiiiigfte ash from Ifaeproteia However, sudi added add is 
rapidly removed by ED (including EDR), and tiie resuhing high quantities of add required to 
complete this process are therefore undesirable. The problem has also been addressed by 
lemo ving about the first 60 percent of the whey ash using ED (including EDR) and removing 
most of ^ remaining 40 percent by ion exchange. The ion exdiange apparatus for this 
application general^ consists of a column of strong add CX granules followed by a column 
of weak base AX granules. Considerable quantities of add and base are required in tfiis 
process to r^ienerate die DC granules. 
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As discussed above, electroddGoization (EDI) using filled ED cells is a vezy useful 
process for lemoving the last traces of ionic contaminants from wat^, but it could be 
dgmficanfly improved. These desired isnprovemasts include: 

1) bnpioved product purify. Ilie sources ofimpurities in EDI systems include but are 
not limited to: 

(a) Back diffusion and electromigration of ionic contaminants through the ion 
exchange membranes driven by concentration dififecaicesand dectric fields; 

(b) Back diffusion of neutral wealdy ionized species ttrougli polarized membranes; 
and, 

(c) Hectrodialysis of contaminant ions from membranes into the product water in the 
dilute stream manifolds. 

2) Simplification of the equipment and controls needed to run traditional EDI. Today 
tiiese EDI subsystems include brine recirculation, brine and electrolyte pH and 
conductivity control Simplification should include lowering of equipment costs, 
reducEi^ required operator expertise and shortraiing the time required for 

and adjusting equipment 

3) Reduction of fiie electric power consumption used for the EDI stack and pumps. 

4) Improved tesistance to scale formation in the concentrate streams. 

5) Need for less pretreatmentofftewat^ before EDI 

6) Improved product water quality without sacrificing product water recovery. 

7) Ability to operate intermittently and to produce excellent product immediately upon 
startup. 

8) Ability to operate with elevated sohition delivery pressure diereby eUminating the 
need for a transfer pump. 
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9) Abi% to leliab^ operate without external leaks and without external salt build up» 

Mosl^ if not all, of the above lunitalioiis and deficiencies of conventional EDI 
systems aie either overcome or at least significanlly improved upon by die improved 
£^paiatus and methods for electrodialysis according to the present iavention Oflier 
objects and advantages of the preset invention will in part be obvious and will in part 
zppesa h^einafter. The invention accordii^ comprises, but is not limited to, the 
apparatus and related mettiods, involving the several steps and tlie various components, 
and {he relation and order of one or more such steps and components witii respect to each 
of the others, as exemplified by the following description and the accompanying drawungs. 
Various modifications of and variations* on &e s^paratus and me&ods as herein described 
win be apparent to those skilled in fiie art, and all such modifications and variations are 
considered widiin the scope of the invention 

SUMMARY OF THE INVENTION 

In accordance with a first embodim^t of the present invention, one means of 
achieving the desired improvements is to use the product of the EDI unit as the feed to &e 
concentrate stream and electrode stream compartmentsf, and to flow the concentrate and 
electrode streams of the EDI unit in a flow <&rection substantially opposite that of flie product 
stream in a single pass. This can be accomplished in a preferred embodiment by configuring 
the apparatus such that die product ouflet manifold (reference numeral 3 as shown in Figure 
I A) serves as flie inlet manifold for the concentrate stream (in concentrafitig compartm^ts 7) 
and electrode stream (in electrode compartments 8). Due to the high electrical resistance of 
the starting concentrate and electrode streams these compartments should preferably provide 
electrical continuity by ion transport through ion exchange material Thus, 4ie concentrate 
and electrode streams are at least partially filled with an ion exchai^e material, or these 
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compartments utilize ion exchange membranes with a sur&ce texture tbat alloivs Ibem to be 
in contact with each oth^ at asperities vMe allowing 9md flow around tiie asperities. It is 
prefened that &e effluent from the concentrating compartments in tie above embodiments of 
diis invention not be recycled to the concentrate compartments, or, if recycled, recycled by an 
auxiliaiy entrance manifold at an intermediate position in the concentrate flow paths. 

Such internal reflux of dilute effluoit to concentrate influent is advantageously used 
togetfaier with periodic reversal ofihe direction of electric current through tiie^ If 
such cuTFQit reversal is continued for a substantial period (e.g., if the reversal is essaitiaUy 
symmdric widi respect to time), then it is prefened in accordance with this invention that die 
direction of flow ftroygji die dilute and ccmcentraling compartm^ also be reversed, the 
efSuent from 4ie "^ew^ dilute compartment thm providing pure reflux to the mfluent to the 
"new" concentrating compartmmt 

Hie flow mte of dilute efQuent to the concentrating con^artm^ in the above- 
described internal reflux mode is, of course^ only a firaction of the efSuent coming fix)m die 
diluting compadments. Nevertfadess, it m^ be necessary and preferred to provide a back 
pressure for the dilute effluent coming from the stack, sudi back pressure for example being 
pi^ovided by die pressure loss ftrough a mixed bed ion exchange apparatus to which such 
dilute efifoent is directly connected widiout repressurizatioa 

Hie conc^trate effluent may, for example, be reclaimed at least in part by Reverse 
Osmosis, Nanofilttation, Evaporation or another stage of ED. 

in order to make ubrapure water by ED( it is nec^saiy to remove the hi^^ ionized 
electrolytes sudi as NaCl, CaS04, etc., as well as die wealdjr ionized electrolytes such as 
CO2, NHj, Si02, and H3BO3. Such weakly ionized electrolytes are only substantial^ 
removed after almost all of die strong dissociated ions (Na+, Q-, Ca-H-, S04-, etc.) have 
be^ removed. Efficient removal ofdie weak electrolytes is obtained (generally) at veiy low 
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local cuiT^ effidmcies, where almost all of cuirent passing dirougfa tbe ^change 
membranes is canied by OH- and H+ respectively, fftiie concentrate stream is at a 
substantially neutral pH and not fiUed imfli an ion CKdiange nutoial, Ifaen the weakly ionized 
electrotytes, such as silica, after transport through die anion exchange membrane, become 
substantially non-ionized in &e bulk of die brine stream. The cation exchange membrane, 
aldiou^ xsmaify preventing transport of the negatively diatged strong ions back to the 
diluting stream, is unable to prevent die diffiision of low molecular vfd^ neutral species 
such as CO2, Si02, and H3BO3 back to die dilute stream. The anion exchange membrane, 
aMhou^ prevmiting transport of the positively chaiged strong ions back to die diluting 
stream, is unable to prevent ihe difiuston of low molecular weight neutral species such as 
NI^ and amines back to the dilute stream. 

Ihe concentrate stream may have a very low conductivity, such that it represents 
more dian half of the electrical re^stance of die EDI stack. In sudi a case it may be desirable 
to fill die conceiitrate stream with an ion exchange material. The ion exchange material in 
the concentrate stream m^ have cation exchange material next to the cation exchange 
membrane and anion exchange material next to die anion membrane. U.S. Patent No. 
4,033,850, wfaidz is incoipoiated herein by reference^ discloses such an arrangement of ion 
exchange material, but ont^ for die diluting compartments of an electrodialysis device. The 
cati<Hi exchange mat^al juxtaposed to die cation exchange membrane may be integral widi 
(e.g., texture diereon) or not integral widi such membrane (e.g., as beads, rods, screen, etc.). 
Similarly, the anion exchange material juxtaposed to die anion exchange membrane may also 
be integral wiifa such membrane or not integral widi sudi membrane, independaxtty of whidi 
arrangement is used with the cation exchange membrane. That is, one membrane may have 
exchange material which is integral with the membrane while the other membrane has 
exchange material which is not integral. Furdier, eidier or both membranes may for example 
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be textured and in addition have non*integraI exchange material of the same charge sign 
juxtaposed. If both membranes are textured, &e membranes may in places be in direct 
contact vnBx each odier with tiie open regions between the texture sur&ce projections 
providing fluid flow paths. In any of tiie above examples, it will be understood fliat flow of 
solution through &e concentrating compartment must not be severely impeded. 

In EDI spacers there is some maldistribution of flow Ihroi]^ the ion exchai^ 
material due to the intersection of the sidewalls and the material Because a three- 
dimensional ion exchange bead can not partially penetrate the sidewalls, the packing 
arrangement of ion exchange material near the sidewalls is not as uniform as the arrangement 
iri the bulk of the mat^al away from tiie sidewalls, and Ibis steric hindrance aUows more 
flow next to the sidewalls. The slipstream tiiat thus develops next to a sidewall has boA a 
greater difiiision distance to, and less residence time in contact widi, the ion exchange 
material; and, as a result, along 4ie diluting compartment spaqer has fewer ions removed. 
This slq)stream therefore carries a greater load of contaminants to the outlet end of the 
diluting compartment spacer where the slipstream mixes with the bulk of tiie spacer flow 
thereby decreasing the puritj^ of the product 

Id accordance with another mbodiment of flie preseot invention, however, it has 
been found fliat^ effect can be minimized by adding mechanical static mixers to the 
sidewalls of the spacers at intervals along the spacer length. These static mixers help to mix 
the stipstream flowing alor^ the sidewalls with the bulk of the flow thereby providmg 
increased contact time to improve the removal of the contanunants by die ion exchange 
material Thus, addition of the static mixers as provided herein has been found to furdier 
improve product quality. An arrangement of suitable static mixers along the spacer sidewalls 
of an EDI cell in accordance with this invention is illustrated in Fig. 3, 
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Gas bubbles trapped m fte ion exdiange material or fi>nned by outgassiqg of the 

water also may cause flow maldistribution and Aer^ Bubbles 

generated at Ifae electrodes can also be trapped in the ion exchange material and grow large 

enough to cause poor current distribution in the EDI stack. All of these bubbles are difficult 

to reoaove by hwy Bocy or flow efifects due to flie smaU size of die ion exchange materials 

and die sur&ce tension (capillaiy effect) attradant with diis size range which imds to hold 

Ihem in place. 

Id accordance widi yet another embodiment of the preset invention, gas permeable 
(e.g., non-porous and/or hydrophobic microporous) regions and/or elements, such as hollow 
fibers or odier geometries, are incorporated into the EDI spacers to provide a means for the 
gases in the bubbles to permeate dirou^ the rpgions and/or into the lumeais of the hollow 
fibers and escape from the stack without loss of any liquid An EDI cell including an 
airangment of hydrophobic microporous hollow fibers in accordance widi ttis invention is 
illustrated in Fig. 4. Also illustrated in Fig. 4 is die embodiment ofproviding an EDI cdl 
widi EDI spacers having hydrophobic, nicroporous regions. 

BRIEF DESCRIPTION QF THE DRAWINQS 

Figure 1 A is a schematic cross sectional view of a '^late and firame" type EDI stack in 
accordance with this invention showing feed inlet 1 and common manifold 3 from which the 
product oudet 2 emerges. Tbe figure also depicts anode ouflet S, cathode outlet 6, 
concentrate compartments 7, electrode compartm^ 8, and diluting compartm^ts 9. 

Figure IB is a schematic top view of the EDI stack of Figure 1 A showing feed inlet 
11, common manifold 13, product oudet 12, concaitrate stream oudet 14, and anode stream 
oudet 15. Figure IB also depicts the approximate direction of die diluting stream flow 16, 
concaitrate streams flow 17, and electrode streams flow 18. The dotted lines betwem die 
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various manifolds represent possible spacer sh^es defining fluid flow paths between Ihe 
fiicing walls of adjacent spacers for the tiiree different stream ^es» ie., diluting, 
concentrating and electrode. 

Figure 2A ^ ws a schematic ooss sectional view of an ahemative spiral EDI stack or 
module configuration in accordance witti tiiis inv^on wib feed inlet 2U the product outlet 
22, the ccmcenUate stream outlet 23, the dilufiQg streams 24, the concentrate streams 25, the 
center dectiode 26 (wfaidi, in a preferred case as sdiown, comprises an anode), and an 
exterior conducting (e.g., metal) container 27 whidi acts as tte opposite electrode. 

Figure 2B is a schematic left end view of die complete (unsectioned) spiral EDI stack 
of F^iure 2A showing the same oxtities (wrdi the same numbers). 

Figure 3 is a schematic plan view of a filled-cdl (EDI) spacer in accordance with this 
inveaition showing spacer fi-ame 3 1, filled in ihe center with ion exchange material 32, and 
haviiig multiple screen mixers 33 along sidewalls 35. 

Figure 4 is a schematic plan view of a Med-ceH (EDI) spacer in accordance with Ibis 
invOTtion showing spacer frame 41, filled in the cent&r wifli ion exchange material 42, and 
having microporous Igrdrophobic elements 43, and/or hydrophobic microporous regions 44. 

Figm 5 A is a sdiematic plan view of one embodimmit of a textured-smlace 
membrane in accordance with this invention showing die raised texture on one sur&ce only. 
Aidipu^ not Aown, it will be understood diat membranes textured on boft surfaces ms^ be 
&bricated and used in accordance with this invCTtioa Figure 5B is a schematic side view of 
&e textured-sur&ce membrane of Fig. 5A. 

Figure 6 is a schematic plan view of still another type of textured-surface membrane 
in accordance with tins inv^on, this membrane having a smalls textured pattern, such 
pattern havii^ increased sur&ce area and greats turbulence promotion effects. 
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Figure 7 is a sdiematic plan view of still anoflier lype of textured-surface membrane 
in aocorda&cewiftftiisinv^o%dus membrane having diagoi^ Itwillbe 
understood ftiat wben lbs next adj ac^ membrane (not sho wnX having llie stripes in an 
opposite orientation, is coiq)led widi the menibrane Aovm in Figure 7, fte resulting EDI cell 
would prckiuce a self supporting flow pafii witiiout need for a spacer. Such a crossed stripe 
pattern piovidea tuibulence promotion, diorouf^ mixing fluid as tiie latter travels across 
along such flow path. 

Figure 8A is a schematic plan view and Figure SB is Ifae corresponding cross sectional 
view of still anotiier membrane in accordance with this inv^on, wherein the membrane 
comprises 3-dimensional pleats or folds in a flow path area. The entire bo^y of Ihe 
membrane shown in Figs. 8 A and 8B forms a patteia 

Figure 9A is a schematic plan view and Figure 9B is the corresponding side view of 
yet anodier membrane in accordance wifli this invention, wherein the membrane comprises 3- 
dim^onai waves in a flow path area 

Figure 10 is a schematic cross sectional axial view of a preferred countercunent 
concentrate stream spiral EDI stack configuration in accordance widi this invention. The 
center "pipe" or tubular elem^t 104 acts also as a first electrode (anode or cathode) and is 
intemally divided by divider wall 107 to provide on a first side of wall 107 a manifold for 
feed inlet 101 and on a second side of wall 1 07 a conc^trate outlet 1 05. The product outlet 
108 is not sealed to the m^ranes and allows product flow to bypass attd feed the 
concentrate stream. Exterior shdl 106 acts as &e opposite electrode. 

Figure 11 is a sdiematic cross sectional axial view of anoflier prefemed countercurrent 
c<Hicentrate stream spiral stack configuration in accordance widi this inventioa The center 
^ipe" or tubular dement 1 14 is sealed to ion exdbange membranes 1 12 and 1 13, and acts as 
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an electrode (anode or cadiode), a product outlet manifold, and a brine feed inlet The 
concenfaratB oudet manifold 116 is hydraidicalfy sealed to tiie edge of 4ie oppositd^ charged 
ion exchange membrane 1 12 and the ecterior dieU 115. Feed inlet manifold 1 1 1 is sealed to 
the edge of the ion exdiange membrane 1 13 and Ifae ext^or shell 1 15. The exterior shell 
115 also acts as the opposite electrode. 

Figuie 1 2 is a schmatic cross sectional axial view of still another prefixed 
c(5untercuirent concentrate stream spiral stack configuration in accordance mHi this 
invention. Cent^ ''pipe" or tabular element 124 ads as an electrode (anode or cathode) but is 
not Ijydraulically sealed to the ion exchange membranes, thereby allowing product flow to 
feed die ccmcentrote stream Product oudeii^manifold 126 is not I^rdraulically sealed to the 
membranes and bypass flow feeds the electrode and concentrate streams. Concentrate outlet 
manifold 127 is hydrauKcally sealed to fee edge of ion exchange membrane 122 and to 
exterior shell 125. Feed inlet manifold 121 is hydraulically sealed to the edge of the 
opposite^ diaiged ion exchange membrane 123 and to exterior shell 125. Exterior shell 125 
also acts as the opposite electrode. 

Figure 13 is a schematic cross sectional view illustrating details of a preferred center 
electrode and m^folding device, comparable to element 104 in Fig. \0, whidi is used to 
clamp and hydraulically seal die membranes 131 and screens 132 to fte center electrode 133. 
Such device consists of two arc-shaped sections of metal pipe 135 and a center wedge ^thy 
134. The latter compresses pipe sections 135 against each other widi membranes or 
membranes and screens clamped between such sections. The center wedge entily 134 also 
divides die cent^ electrode into two manifolds and may faydrauticaUy seal one manifold 
compartment fiom the other. Center wedge entity 134 consists of two or more pieces 
arranged such diat forcing the pieces in opposite axial directions along the axis causes the 
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assembfy to increase in size perp^dicular to such axis, thus providing the damping force 
needed. 



DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

One embodiment of tite present inv^ticHi, as shown in Figs. 1 A and IB, uses the 
final product of 4ie EDI stack to feed the concentrate stream and the electrode streams in a 
single pass. The preferred direction to flow the concentrate streams (in conc^xtrating 
compartments 7) and electrode streams (in electrode compartments S) is in a direction 
substantially opposite to die direction of flow of the diluting stream (in dil^ 
compartments 9). hflussingite pass embodiment, emplc^ing an initially fai^pu^ 
substantially counterfiow concaitrate stream minimizes back di£Kision and electromigration 
of contaminants into the product. The membranes located close to the product outlet are not 
exposed to contaminants so that 4iese membranes contain very litfle contamination, with tiie 
beneficial result that electrodiat)^ and/or diffiision of contaminants from these membranes 
into the product is effectively eliminated. Due to the low conductivity of the product, the 
concentrate and dectrode streams are preferably provided with electrical continuity by using 
ion conductive inaterial in the respective compartment at least near tiie entrances tiiereto. 
This ion exchange material may be in die form of beads, gramdes, fibers, rods, screens, cloth, 
felt, fabrics, sur&ce texturing of the membranes themselves, as herein described, etc. The ion 
exchange material preferably contacts both membranes which bound die concentrate 
compartment and ferms a contiiiuous contact route betwesa tiiese membranes at lieast near 
such entrances, hi die electrode compartment die ion exchange material preferably contacts 
the electrode and the membrane which bound the electrode compartment and forms a 
continuous contact route between them. Alt^natively die electrodes may be in mtimate 
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contact witfa, or integral witfa^ the adjacent membranes. Hie EDI stack as shown in Figs. 1 A 
and IB may contain an even or odd number of cells. 

The folloiMng Example iUustrates the efiEecttveness of a single-pass EDI unit as 
illustrated in Figs. 1 A and IB. 

Example 

The effectiveness of an EDI apparatus using a sin^e-pass substantial^ couoter- 
cunentconcQitrate stream flow as shorn in Figs. lA and IB (IMt A) was evahiated relative 
to a conventional EDI apparatus (Control) having substantially co-current recirculating 
concentrate stream flow. Botii EDI stacks were assembled using the same types and numbers 
of membranes, spacers, and ion exchange resins. Table 1 bdow shows the remarkable 
improvement in perfonnance demonstrated tqrfte^paratus of flie present irnr^tion(U^ ' 
relative to the Control unit for a brine stream in ^ch the concentration of CO2 is relatively 
higjL 

TABLE 1 





Control 


Unit A 


Feed Conductivity (microS/an) 


20 


37 


FeedC02(ppb) 


300 


23.610 


BiineCCh^m) 


310 


411 


Feed Silica (ppb> 


500 


1,064 


Readrace Time (sec.) 


40 


40 


Current (Ansips) 


1.5 


0.82 


Product Resistance (Mohm-cm) 


10.4 


17.88 



As shown in Table 1 &e product quality of the single pass reverse brine stack. Unit A, 
is maintained even at high concoitrations of carbon dioxide in the brine stream. The single 
pass reverse brine stack is npt strongly affected by the back difKision of carbon dioxide from 
the brine stream, becaise ai^ back diflKisicm occurs at a point &r upstream from the end of 
the dilute flow path, and thus can be absorbed by tfie ion ^change material. 
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The ion exchange material in the concentrate flow pafli may be amphoteric, cationip, 
amonic a mixture of cationic and anicHiic materials^ or layers or olher geometric 
arrangements of cationic and aoionic materials. In a preferred embodiment of tbe present 
invention, a material in the concentrate compartment consists of anion ^change material 
next to the anion exchange membrane and cation exchange material next to the cation 
excbaoge membrane mtfa 4ie two types of ion exdbaoge materials being in contact ynOx each 
other near the caster of the compartment The ion ^diange material in the electrode stream 
flow pada may be amphoteric, cationic, anionic, a mixture of cationic and anionic materials, 
or l^ers or other geometric arrangements of cationic and anionic materials. In a preferred 
embodiment of 4ie present invention, a material in Ifae electrode stream con^artment consists 
of cation exchange material Some of tiie cells imay be bounded by ion exchange membranes 
of tile same charge, resulting m what may be termed *^eutral" cells or compartments. In one 
of tiiese neutral compartm^ts, ions pass tiiroug^i die compartment without changing the total 
concentration of ionized or ionizable species. The ion exchange material in tiie flow pafii of 
these neutral cells may be amphoteric, cationic, aniomc, a mixture of cationic and anionic 
materials, or layers or other geometric arrangements of cationic and anionic materials. 

Jn order to achieve a lower electrical resistance tiiroug^ the ion excbat^e material 
packing in Ifae compartments, tiie ion exchange material may be shrunk using aqueous 
solutions of either electrolytes, or water miscible organics such as gjycerin, propylene glycol, 
sugars, etc., or partial drying beforeit is used to fill die EDI unit Wh^ electrolytes are 
used, it may be preferable to use electrolytes (which are well known in the art) ^ch 
inmase the amount of shrinkage of the ion exchange material. Afi^ die shrunken ion 
exchange material has been introduced to the EDI unit, washing it wab water will expand it, 
resultoig in a greater compressive force inside a packed conq>artment, and thereby resulting 
in essentially squislmig tiie beads or particles d[ ion exchange material to obtain a greater 
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areaof ccmtactbetwe^tbe ion exchange materials ftei^ 

exdiangememteanes and die electrodes. One oftfae electrolytes that may be nsed in tins 
process step is a cbloiide salt, order to avoid Hie gmeration of chlorine in the anode 
compartment, and the possible oxidation of the ion exchange materials contained in said 
anode compartment, during fte initial startiq> of the stack, one preferred embodiment of this 
aspect of 4ie present invoation uses non-chloride containmg salts. 

Enhanced compressive force m non-polaiized r^ons increases the contact area 
between Ihe ion excbaitge material and &e ion exchange membranes. This effect is 
ben^cial because as die contact area increases the electrical resistance decreases. This 
increased contact area thus improves flie transport of ioos to flie ion exdiax^e membranes and 
helps prev^t the undesirable effect of polarization of the membranes before polarization of 
the ion ^chaiige fill material. If the anion membrane polarizes before 1b& ion exchange 
material polarizes, hydro^l ions transported through the membrane cause a localized hig^ 
pH in the ccmcentrating stream. Calcium ions transported ttrou^ Ihe cation membrane m^ 
enter dus high pH area and precipitate, thus forming scale. 

Jn a preferred embodiment of the preset invention, the stack is built wilfa the ion 
exchaiige materials in thdrfijUy regenerated forms. This preferred embodiment niiniimzes 
the difiiisicHi of salts from the mmbrane areas between the soUd areas of the spacer frame, 
which are outside of the active electric field, to fte product manifold. 

Another embodiment of fte pres^ invention uses screens or dotfas consisting of 
pofymeric material diathasbe^ ion exchange iunctionali^ EDI 
cells'filled with beads, particulate or fine fiber ion exdiange packhig can be used orHy with 
clean, particulate-free streams. These filled cells typically exhibit high hydraulic resistance, 
tran^bed pressure gradients, and pumping power losses. Conventional EDIR also has Ihe 
potexitial disadvantage of a slow approadi to equilibrium after current reversal due to the 
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relative^ higd ion stoiage capacity^ present in ion exdiange matenais &inctiona3ized 
tim>iighoutAeir entire stmctuie. bstead^byfuncdcmalizmgonlyaflunl^^eron 
surface of a polymeric material, sudi as polypropylene, polyediyl^e, etc., Ifae approach to 
equilibrium after reversal is significantiy fester. Using such material in (he form of a woven 
cloth type screen, or an extruded monofilament screen (such as Vexar), or perforated, 
corrugated screen or expanded plastic screen results in amucfa lower hydraulic pressure drop, 
enabling longer flow paths and reduced pumping power. 

Vftii aQ or most types of DC mataial there will be a discontinuity in the density of the 
packing airaywfam die array ends at a boundary, such as a spacer walL Duetothis 
. discontinuity, a sl^stream flow can dei^elop along sudiwaUwhi(^rn£9 be £^ 
flow dnrough the bulk portion of the array. This sUpstream flow has less residence time in the 
spacer and less contact with the ion exchange material In the diluting compartment \^ere 
contaminanls are being removed fiom water, dus means 4iat flie sUpstream will have a higher 
concentration of contaminants, and ttierefore a lower electrical resistance dian the bulk flow 
through the bulk portion of the array. Ihe mixing of slipstream flow with bulk product flow 
at the spacer oudet will dierefore increase the total amount of the contaminants in the total 
product flow and decrease the electrical resistance of sudi total product flow. To ameliorate 
fliis slipstream effect, in anodier embodim«it of the present invention static mixers are added 
along the length of the spacer wall as shown in Figure 3. These static mixers may be placed 
at interv^ or ahemaivefy may fill flte entire open area of the spacer. It has been found that 
die effect of such mix^ is to mix slipstream flow widi the bulk of the diluting stream flow 
so that die form^ will have more contact time wAi the ion exchange material and th^eby 
have more contaminants removed. 

Such static mbctts may consist of screens, such as diose made by Vexar, Inc., or 
woven screens, or perforated, corrugated or expanded screens. The static mixers may be 
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made of po]ye%leae, polypropylene, or any insoluble material, and are preferably attached 
to file spacer wall banolfaerTariado]i,siu:li screens m^ also be made at least ta part of ioa 
exchange materials. Hie screens may protrude at intervals into the bulk ion exdiange 
material or may extend across the entire spacer area to provide mixing of the slipstream with 
the bulk flow. In a preferred embodiment of tins a^ect of Ifae present invention, the screens 
are recessed into the spac^ wall and div^ tiie flow to be mixed mto flie screen space m the 
wall 

Tbe spacing of the screen strands may be between 0.01 inches (.254 mm) and 1.0 
inches (25.4 mm), preferably between 0.0625 iiK:hes (1.59 mm) and 0.5 mches (12.7 mmX 
and imost preferably between 0.1 indues (2.54 mm) and 0.25 indies(6.35 nun). Hie optimum 
thickness of 4ie screens and the spacing of tibe static mixers along the Spacer walls are 
dependent in part on die dim^ions and geometry of the ion exchange material For ion 
exchaoge beads or granules with a mean diameter of about 0.5 mm, the screen thickness 
migjit advant^eously be between 0.001 mm and 10 nun. If flie screen extends throughout 
the entire spacer, its strands sbould be ftin enou^ and spaced fir enou^ apart as to not 
significant^ interfere with the contacts between the ion exchange materials unless at least tiae 
sur&ces of the screens are made of an ion exchange material 

Gas bubbles can be tn^ped in the ion exchange materials, be generated at tiie 
electrodes, or be formed by outgassing of die aqueous stream. Small gas bubbles trapped 
between beads of ion exchange material can cause sigmficant variation in hydraulic 
permeability and flow in the EDI spacers. Hiese small bubbles maty grow to a size at which 
diey can result in poor current distribution and, m the extreme case, cause membrane burning 
or electrode failure. U.S. Patent No. 5,558,753, vAnch is incorporated herein by referaice, 
disdoses means fi)r gas r^oval in the concentrating stream recycle loop. 
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Gas bubbles may also be trapped ia dHu&ag stresm, concentrating stieam or electrode 
stream compartments of an EDI stad: la accordance with still another aspect of ttie present 
invention, it has been found that gas-permeable materials can be used to allow trapped gases 
to permeate out of such EDI compartments. Such gas-permeable materials may be 
hydrophobic and microporous so diatlhe gases permeate through the pores of die material, or 
Ihey majr be nonporous (ag., silicone rubber) so ftat the gases diffiise through Ihe body of 
the material. If the material is hydrophobe and microporous, the pores must be of small 
enou^ effectiye diameter so that sur&ce tsosion prevents penetration of liquid into the pores 
at Ihe operating pressures oftixe EDI apparatus resulting in tte loss of liquid. In one 
embodiment of ftis aspect of die present inventioii, these materials may be incorporated mto 
ihe EDI spacers in the form of gas-permeable regions, hollow fibers and/or other geometries 
as shown iii Fi|gure 4. These gas-permeable materials may be supported by other materials on 
tile side of the gas-permeable mat^al opposite the side feeing the aqueous stream. 

Aaotiher preferred embodimoit of fte present mvention provides tiie EDI unit in 1he 
form of a spiral-wound element, witii the product outlet feeding tiie inlet of a singje-pass 
concentrate stream as generally shown in Figs. 2, 10^ 1 1, 12, and 13. In contrast to US. 
Patent No. 5,376,253, yMdk discloses a configuration wherdn fliere is a tight seal separating 
the dilute and cpncaitrate streams, in tbis mbodiment of &e present invention, the dilute 
efQuent and concentrate influx streams share a common manifold. Thus, in the spiral- 
wound configuration oflins invention, fte diluting stream may optionally be fed to either the 
anode compartment or the cafliode compartment before passing throu^ the diluting stream 
compartment Furthermore, a portion optionalty m^ exit as product just prior to the 
electrode compartment or afier passing through the opposite electrode compartment. The 
spiral-wound element of die present invention may consist of a m^e pair of membranes 
(cation exchange and anion exchange) wound together (as illustrated in the Figures), or it 
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consist of two paits or multiple pairs (a configuration vAndi is readily understood but 
not shown in the Figures). Lieifliercase^ the spiral winding defines a (virtual) central axi^ 
about yMcSa die membranes are wound to create die appearance of a spiral (when viewed 
endwise). The flow of liquid through the conc^trating compartment(s) may be inward 
toward &e virtual asds or alternatively flow may be outward away from such axis hi 
accordance widiius embodiment of Ibe presoit invention, flie flow of liquid through flie 
diluting compartment(s) is then respective^ outward or, alternatively, inward, hot still 
anodier variation using the spiral configuration, the flow of Uquid through the concentrating 
compartmrat(s) may instead be generally ''parallel'' to tiie virtual axis (e.g., in a direction 
from lefl: to rigjit) and, ahematively '"anti-parallel" (wbidi is defined herein as being tiie 
opposite of die ''paraQer direction, in this example from lig^ to left) widi the corresponding 
flow throu^ the diluting compartment(s) being countercuirent, i.e., respectively ''anti- 
parallel'' and, alternatively, 'parallel." b odier words, in this embodiment flow may be 
genoally paraDel to the virtual axis in a first direction and, alternatively, genendfy parallel to 
the virtual axis in a second, opposite direction 

In any of the above cases, die electric current through the spiral may be reversed 
diereby lesultiiig in Ae "old" concentrating con9)artmaits becoming "new" diluting 
compartments, and, respectively, die "old" diluting compartments becoming '^new" 
concentrating compartments. After such current reversal, the direction of flow through the 
compartments is revetted in accordance with diis embodiment of die invention, with the 
'^ew^ diluting compartments inroviding counter-flow of "pure" effluent to die '^ew" 
concentrating compartments. 

The preferred current to apply to the EDI unit configured and operated in accordance 
wifli this inventi(m may be determined by plotting the following equation: 
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where S^nd is the electrical resistance of die product of die diluting ceQs, 
I is ftie outr ent ^jdied to the die EDI unit, 
q is die volumetric flow rate to the diluting cells, 

Qa is the concentration of ionized or ionizable species in the solution fed per diluting 
cdl in equivalents per unit vohune, and 

Coitf is flie concentration of ionized or ionizable species in die solution exiting per 
diluting cell in equivalents p^ unit volume. 

Ihp plot of this data will have an inflection point . The preferred cxorent to apply to 
the EDI unit should be a current above this inflection point , I» q, Cin, and Coot may be 
e?q[)ressed in any compatible units, as fhe object of interest is the inflection point . 
Furthermore, it should be noted fliat a line fitted to data points below the mflection point has 
one slope, whereas a line fitted to data points above the inflection point has a second, 
different slope. Hie inflection point corresponds to die point on the data plot at wfaidi the 
absolute value of die second derivative (d^ KjnWd Ct/qCCm- Cotidf) is a maximum. This 
means that if a r^ression formula is used to fit die data to the plot, it must be such that the 
second derivative is still a variable of I/q(Cm- Coot ). Alternatively, instead of plotting 
vs I/q(Cjii -Cood, one can plot any of die following data correlations to determine die 
inflecdon point: 

Rprod VSi/q(Cm-Coal) 

Rpwd vsi/q(cm-c<Mt) 
Ri»Dd vs i(RinRpDdyq(RpDd - 

vs ^Bf««0^q Vp(Rp»d * fU) 
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where Km is Ifae electrical resistance of fte feed to tbe diluting compartments^ i is Ifae average 
cuiient density, Cm is Hie condnctivily of the feed to the diluting compartments^ and Cout is the 
conductivity of the efiSuent from 4ie diluting compartmmts. It will be clear to one skilled in 
the art that it is preferable to select from tbe above alternative data correlations one which 
produces a sharp change in slope near the inflection point Furth^ it will be understood that 
eitha aide of any of the above corrdations can be muMpHed or divided by a constant without 
attormg the inflection pomt value. The multiplication or division constant need not be the 
same for each side of a correlation as the impact will be understood to expand or shrink one, 
or the other, or both axes, lii addition, a constant m^ be added or subtracted from dflier 
side^ ^di win sluft die graphical location of tiie inflectiQii point with altering its value. For 
example, ttds means that in an actual plot of the data, the axes may be individually expanded 
or contracted or o£&et if that makes it easier or more convenient for determining the 
inflection point Ihe conelation data can be nianipulated in other vvaysweU known in the 
if desired. 

Another aspect of flie present invention is a method of automatically controlling the 
curr^ sent throng the EDI unit accordii^ to the ionic load being fed to the unit It is 
desirable from an efiBcimcy stai^point to send more current fliroughlhe unit at higher ionic 
loads, and less current as 4ie ionic load decreases. The automatic control is achieved, 
according to Uns aspect of the present invention by monitoring the EDI feed sbream by means 
of m araociated conductivity cell/meter and using the (preferably temperature- corrected) 
output of the conductivity meter to autom^caOy a^pist tiie amount of current sent to the EDI 
unit This embodiment fterefomnmiimizes the average power consumpticmm^ 
the overall unit peifonnance. 

EfiScient capture of silica and boric add from aqueous solutions using dectrodiatysis 
typically jequiieslaiseamoimts of anion resin in the regenera^ It has been found 
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that Ifae presence of caibonate in a diluting stream significantly reduces the amount of anion 
resin available, and therefore die eflSdency of silica and boric add capture is greaOy reduced 
by die presence of carbonate. Hie cuneot effict^cy of removing all but the first portion of 
caibonate is very poor because the bulk of die resin is dien in die OH"^ fonn, and the mobility 
of OH ^ is about 3 times hi^er dian caibonale for a specific lesin. When anion resin is in die 
50% caibonate and 50% hydroxide form, it takes 8 electrons to remove one CQ2 molecule, 
diat is 6 to move OBT^ and 2 to move the COs"^ When anion resin is in the 20% carbonate 
and 80% hydroxide form, it takes 26 electrons to remove one carbonate with 24 of tiiese 
"wasted** on moving 0K\ CO2 however can be vray effici^fly removed as bicarbonate 
using onfy one electron per C02ifdieresm is not bigUypoIari^ (Despite die HCOs'^ 
having onfy about 20 percent of die mobilily of 0H\ diere are virtually no OH"^ ioiis present 
if HCQs'^ is present in significant concentrations.) 

Operatixig the stack widi die current automatically controlled on a real time basis 
relative to die ionic load, according to diis aspect of die present invention will result in die 
CO2 removal occurring primarily as bicarbonate with correspondingly greater efficiency, in 
ess^alfy die same location in die stacL While minimizing die average power consumption, 
this mode of operation leaves a maximum amount of die stadc's anion resin in the desirable 
Off* form 

This phenomenon can be best understood by an example: If die current is constant, 
and die amon load is doubled for a brief time, CO2 would be captured and removed firom the 
lesinmudidosertodiestadcoudetend. At the high anion load, die CO2 will be efSciendy 
removed as bicarbonate, but die silica removal capability of die stack wid be severely 
compromised by the reduction in the hydroxide form of die resin available to capture silica 
Moreover, diis problem can be exacerbated by die &ct diat diere can be a very ^gnificant 
transient idease of silica into die product watear because die carbonate, and dien bicarbonate. 
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botti displace die silkateflmt was pieseat in die amcm Even after ifae high anion load 
transient is completed, the situation does not improve. The HCOa'^ saturated resin quickly 
polarizes, and the efficiency of electrical removal of die resulting carbonate plunges rapidly. 
Thus, it takes a very long time mih lots of current before the efficient capture of silica can be 
reestablished in this system. As can be seen by extrapolating this example, continuous 
fiuctuation in die current efficiency of operation of die stack will tesutt in poor silica removal 
diat is neaily as bad as if it were operated contimiously at the lowest instantaneous current 
efficiency. 

It has now beoi found in accoidance widi anodier ^nbodim^t of die present mvention that a 
feedback loop fiom die feed conductivily (or conductivily, flow and alkalinity) and/or stack 
electrical impedance to control current, can greatly improve system performance. Sudi 
electric current control may be advantageously effected by incorporating segmented 
electrodes indie electrodiafysis stack. Etdier or both electrodes may be segmented permitting 
die current (density) at various r^ons in die flow padis of the dihite compartments to be fine 
tuned in accordance widi the ionic load to such compartments. These segmented electrodes 
can also be used to determine the unpedance at various r^ons along die length of the flow 
paflis. Ihis impedance infransation can be used to determine die relative st^ 
exchange materials (i.e., Miy regoierated ion ^change materials have a lower resistance 
dian diose in a salt form) and to automatical^ adjust the current through specific segments to 
fine tune die current (desoaty) to individual s^ments in accordance widi the ionic load 

Furdiermore, the nature (type) of die anion exdiange resin, whedier as matmal non- 
integral widi the anion exchange membranes or, at least in part» integral widi such 
membranes, may be varied aloiig the flow padt By yfsy of illustraticHi, in order of decreasing 
basidty, the common axdon exdiange moieties m^ be arrariged approximate^ as follows: 
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'Weak base", poly (N-acrylamido propyl>N,N-dimettij4 amine. 

Hie latter anion exchange resin (fonnida S above) appears to be 4ie most basic of the 
so-called weak base anion exchange resins. M its free base form, it is sufficiently basic to 
form a salt with CO2 (apparently absorbed primanlyrasHCOa'^ andnotCOs'^). It is not, 
however, sufBdentiy basic to form a salt wifli silica 

At die upper end of the above scale, lype I anion exchange C*AX^ resins (formula 1 
above) and their equivalents in the hydroxide form are very strong bases, veiy able to absorb 
silica and boric add and, as noted above, absorbing CO2 primarily as COs'^ and not HCOs*^). 

The inl^nal pK^ (the negative logariflun of the base dissodatian constant) is reported 
in the literature for the above resins. It has been found that the ratio oftfaefiaction of 
electrical current carried by absorbed free and combined carbon dioxide to the fraction of 
cuxient carried by hydroxide ions is greatest for the weak base resin at the bottom of the 
above list (formula 5) and smallest for fte veiy stroQg base resin at 4ie top of Ae list (formula 
I). It is advantageous, &erefore, according to fois embodiment of this mvention to use resins 
from the lower part of the above Hst (ag., formulas 4 and 5 or tiieir substantial equivalents) to 
localize and control removal of free and combined carbon dioxide in a region of the flow 
paths of flie dilute compartments in ibe vicinity of 1be flow entrances thereto, and to use 
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resins firom die upper part of the above list (e.g., formulas 1, 2 and 3 or tfaeir substantial 
equivalenfs) to locally and control removal of silica and/or boiic add in a region of die flow 
pafiis of the dilute compartments in the vicinity of tiie flow ctIs herefrom. 

Aldiough lite above listed Type n lesin and weak base lesin are frequent regarded 
as ^tennediate base'^ resins, sudi term is usually reserved for anion exchange resins 
deliberate^ containing quateinaiy ammonium groiq>s and non'quatetnaiy amme groins. 
Such resins m^ be manufactured as such or prepared by controlled degradation of 
appropriate quaternary ammonium resins. Ihe wide variety of such resins makes it difficult 
to indude fliem in the above list relative to the listed resins, but one skilled in the art can 
easily determine the usefulness of aoy specific intenaediate base or o&er resin fi)r the present 
embodhnent of this inventioa 

In particular, ED or EDR benefits firom an uneven texture or a raised resin on Ae 
sur&ce of ion exdiange mmbranes because such a sur&ce of proper geometiy creates a 
more tubulent flow across the m^brane sur&ce and tbois reduces the formation of stagnant 
ion-depleted regions near the membrane sur&ce» in addition to creating more sur&ce area, as 
can clearly be seen in Figs. 5, 6, 7, 8 and 9. The formation of stagnant, ion-depleted regions 
near die m^nbrane sui&ce leads to a phoiomenon termed ^concentration polarization," 
which adversely a&ects the performance of ED and EDR systems, the textured or raised 
surfiu^ membranes of this embodiment of lins invaition may be used in any electrodialysis 
compartment where the process hmsSte 6om an increase in turbulent flow across the 
maoibrane and/or increased membrane sur&ce area, sur&ce area includes channels 
between the membranes or between a membrane and an electrode. 

The ion exchange membranes according to this embodim^t of the present invention 
are advantageously patterned so that sevaral l^ens are produced. For example, in one 
prefened form, a flow pafli is produced at one depdi and a textured sur&ce is produced 
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between the flow pa&s. On the perimeter of Ifae membranes, tiie smfsces are advantageously 
lower to allow for a nonconductive or conductive frame betwem &e edge of the membrane 
and 4ie next adjacent membrane. Iaftiswa^anED,EDR,EDlRorEDIstackcanbe 
constructed without using separate ""spacm" to produce the flow pafli betwem membranes 
for the liquid to be treated 

The novel membranes of this aspect of the invention may also be used in a non- 
electrical system appHcaticms where ion exchange^ ion capture, or nieutralization takes place 
between ions in fluid and solid ion exdian^e media having a higjb surface area Such 
m^briane applications indude but are not limited to use as a demineralizer, a water 
softening media, pH adjusting media, and metal sdecdve or ion selective media (nitrate 
sdective or monovalent ion selective). 

In accordance wtdi this aspect of the present invention, an uneven texture or a raised 
resin is imparted to Hbe sui&ce of ion exchange membranes, thereby creating a significantly 
greater sur&ce area for use in EDI, EDIR, ED, EDR or ofiier electrically driven processes 
that use ion exdiange membranes and would benefit firom having a non-flat surface as 
illustrated in Figs. 5, 6, 7, 8 and 9. Ibese textured or raised sur&ce membranes can be 
febricated using standard membrane foimiilations for ion exchai^e membranes. Hiese 
membranes can also be fibricated as charge-selective (monovalent ion selective) membranes 
or species-selective membranes, such as heavy metal-selective, nitrate-selective or sodium- 
selective membranes. 

A particulariy advantageous use for the raised sur&ce membranes described herein is 
in EDI applications in place of ion exchange resins that are usually placed between two 
membranes or between membranes and electrodes. Any section ofan EDI stack where an ion 
exchange resin positioned next to die same charge ion exchange membrane is presenfly used 
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may advantageously be replaced with a raised sui&ce membrane according to Has inventioa 
Also, such membranes m^ be used in say electrodialy^ compartment ti>at benefits from an 
increase in turbulrat flow across 4ie membrane and/or firom increased membrane sur&ce 
area, i.e., ftrougli diannels between membranes or between membranes and electrodes. 

Such sur&ce textured membranes m^ also advantageous^ be used in an E1>I stack to 
improve the contact area between ion exdhange matzah in filled cells and the sur&ce of the 
membrane. As previously discussed, such increased contact area decreases the cell electrical 
resistance and improves the trmiq>ort of ions from Ibe ion exchac^ fill^ material to the ion 
exdiange membranes. 

One texhired sur&ce membrane embodimeait of the present inv^tion is illustrated in 
Figs. 5 A and 5B, where a m^brane is shown widi a textured sur&ce on only one side of the 
membrane sheet so that it can be placed against the smooth surface of the nesct membrane, or 
against an ion exchange material used to produce a filled cell. In a first case, the textured 
sur&ce of the membrane provides a flow palfa means for liquid to flow between Ihe 
m^branes without ihe need for a spacer or screen, ^ch would normally be used to provide 
a hydraulic flow path. In a second case, tite textured smface of &e membrane will also 
provide a greater contact area between &e ion exchange filler material and the membrane. 

hi an attemafive embodiment, a membrane is provided with a textured sur&ce on both 
sides, ia one case, in conjunction witfi a textured sur&ce of an adjacent membrane, a flow 
path is provided for liquid passage between the membranes without the need for a spacer or 
screen, v/tdc3x would normally be used to provide the hydraulic flow path. Jn anofiier case, 
tbie textured sur&ces of two membranes bound a filled cell containing an ion exdiange 
material and provide a greater contact area betwe^ the ion exchange material and die 
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membranes, b still another alternative embodimenl; ereiy otfaermembraneinastackm^ke 
textured on bolb sides, and ike intefvening membranes are not textured on either side. 

la other preferred embodiments of flus aspect of flie invention, for example as shown 
in Figs. 6 and 7, raised sur&ce membranes may be &bhcated so as to provide a defined flow 
pa& in the membrane siii&ce on one or both sides of die membrane. This flow palfa may be 
of any desired shape, and may have smoofli walls and bottom, or shap es may be made in the 
flow padi to promote turbul^ce, or a greater contact wifli an ion ^diange material that may 
be used to fill the flow path. 

Textured or raised sur&ce membranes in accordance with 4us aspect of flie invention 
may advantageously be fabricated in various ways. One method involves the use of a 
patterned suifiice release layer to impart the desired texture to die m The 
pattern on tiie rdease layer can be produced in many ways, such as molding, embossing, 
vacuum forming, etc. Hie rdease layer may be reusable or disposable depending on the cost 
aiul durability of the release l£Qrer material. 

Anotiier sudi mettiod uses a patterned screen or other pattamng layer outside of the 
release layer to form the t^tured sur&ce on the membrane. Tlie release layer in this case 
must be pliable enough to allow &e membrane monomer to comply with die pattern under 
sufficient pressiffe to form the textured surface on the membrane. 
Hie above-described mettiods may be used to fibricate membranes that are substantially fiat 
but have a textured sur&ce. hi oflieronbodimentsofdus aspect offlie invention, the entire 
membrane may be molded or odierwise fonned as a diree dimensional shape. The edges of 
the membrane may be made flat for sealing purposes while the flow path areas of flie 
membrane may be molded as a convoluted eggcrate, pleats, waves, bumps and valleys^ etc. 
Figures 8 and 9 show some possible forms diat fliese types of membranes may take. Figure 
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8 depicts an accordion-pleated membrane^ with greatly exaggerated dimensions to the pleats 
for illustradim purposes. Tbe pleats should range from about 0.010 inches to about 0.S 
inches. SixmiadyFiguie9dq;)iclsa\vave-patteniniembraae. Both pleated and wave-lype 
pattenos may be placed at angles ranging torn about 1 0 de^ees to about 80 degrees, 
preferably about 45 degrees, relative to tiie direction of the fluid flow. By placing the next 
membrane ai^acent with the pleats or waves running in the opposite direction 
in contact with tiie pleats or waves of the first membrane, a flow path is thereby formed for 
the fluid between the membranes that provides significant turbulence promotion 

Hie membranes used in accordance with this aspect of the present invention m^ be 
reacted from tte monomeric species to the substantial!^ fli&y polymerized form, with ifae 
pattern^reating method in pkce during substantial^ the entire time. Alternative^, the 
membrane may be partially polymerized to produce what is commonly known in the art as a 
*^repreig" mat^ial, v^ch can 4ien be imjmted witti a preferred pattern and thereafter 
substantially fi% pol^erized. A membrane having sudi aforesaid shapes or t^ctures may 
be molded or formed usmg vacuum or pressurecombined with heat firom ion exchange resin 
mixed with a polymeric binder. This type of membrane is known in the art as a 
^^heterogeneous membrane". 

ft is wdl known in the ED art that polarity reversal aOows removal of materials t^ 
are difiBcult to transport through a membrane, including large ions and organic material, from 
the dilute stream with then subsequent release into the brine stream on the reverse cycle, 
niis cleaning action greatly enhances Ifae systmn operating time between cleanings. ED/EDI 
stacks diat utilize the "Averse brine'' concept in accordance with fois invention are inherent^ 
better suited for polarity and flow reversal than conventional ED/EDI stacks that use a 
recirculating brine stream In the standard ED/EDI stacks utilizing a recirculating brine 
stream, Ae ion exchange materials in die concentrating compartments are substantially 
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compartm^ls to become tbe dUuting compartments, some of the salt is lost into the product 
stream until fte doTvnstream poitioa of flie ion exdiange materials becomes substaatialfy 
regenerated by the l^drogen and bydioxyl ions g^eiated by water splitting. During the time 
required for this regoieration to occur, the resistivity of &e product is substantially louver 
(because of increased ion content) than dmii^ normal operation, so that this portion of 
product wat^ must be discarded or recycled. If this ivater portion were blended into Ifae 
normal product, it would produce an overall lower resistivity and low^r quatity product. 

By cootcas^ in flie reverse brine stacks according to the present invration, the part of 
tfaeionexchangeinateriaknearlfaefeedinletstoihedjhitingcompartment^ . 
the outlets of tiie conc^itrating compartments, are mostly in the salt form; and, the part of the 
ion exchange materials nearer to the oudetof&e diluting compartment, andthatnearertothe 
inlet of the concentratmg compartm^ are mostly in the regraerated fomt Thus, vAen the 
DC dectrical polarity is reversed (and die concentrating compartments become ttie diluting 
compartments, and the flows are reversed in direction in both types of compartments), the 
resistivity of tibe product water is maintained at substantially the same level as during normal 
opeiadoa Tliis represents a substantial improvement over convention 
lUs polarity reversal can take place firequentty, such as several times per hour or less 
frequently such as daily or ev^ eveiy few months. This reversal can be accomplished 
automaticaOy or manually by means of q)propriate valves, or can be accomplished by manual 
"^lumtring^ of &e systems. Chesnicalrdease agents indudiiig salts, adds, bases, and/or 
nonicmic deteigents may be added to the brine stream. In a preferred embodiment an 
additional inlet means may be provided at a point in the brine stream downstream of the brine 
mlet means for tibe introduction of aforesaid dimical release agents. 
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In accordance with moiher aspect of Uns invention described herein, an uneven 
membrane texture or raised resin sluqi^es are imparted to one or botti sur&ces of ion exchange 
mmbranes, creating a significanajr greater sm&ce area for use in ED^ ED, EDR or otber 
electrically driven processes, whidi use ion exchange membranes and bmefit torn having a 
non-flat sui&ce, as well as for use in standard ion exchange processes. The raised sur&ce 
membranes are used in EDI togettier with, or in place ol^ ion exdu^ge resins ^t are nsualty 
placed between two membranes or between membranes and electrodes. Any section of an 
EDI stack where an ion ©Lchange resin next to the same-charge ion exchange membrane is 
presentb^ used can be advantageously replaced with a textured or raised sui&ce membrane. 
Also, fltese types of membranes may be advantageous^ used in any decfrodialysis 
compartment tfiat benefits from an increase in turbulmt flow across the membrane and/or 
increased membrane sur&ce area or Aroug^ Uie channels between membranes and 
electrodes. These surface textured membranes are also advantageously used in an EDI stack 
to unprove the contact area betwe^ ion exchange materials m &e filled ceDs and flie 
membrane. Mcreased contact area decreases cell electrical resistance and improves the 
transport of ions firom the ion exchange fiUer material to die ion exdiange membranes. 

ft wiU be ^parent to those skilled m the art ttat oth^ changes and modifications may 
be made in tiie above-described ^paratus, processes and methods without departing fiom the 
scope of tile inv^ition herein, and it is intended that all matter contained in tiie above 
description shall be interpreted in an illustrative and not a limttiog sense. 

What is claimed is: 
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1. ito electrodialysis apparatus comprising a stack iacludm 
compartm^ at least a concentrating compartment^ at least an electrode compartment at 
least an electrode pair, and inlets and outlets for flowing liquids to or from the stack, said 
stack furAier compr^g one or more subsysten^ selected from tiie group consisting o£ 

a) a manifold system witbin said stack enabling efiSuent from diluting compartments in said 
stack to flow at least in part ftrouig^ concontratii^ compartments in said stack in a flow 
direction tibat is sutetantialfy opposite to tbe flow direction in said diluting compartments; 

b) a manifold system internal to said stack enabling effluent from diluting compartments of 
said stack to flow at least in part through at least one electrode compartment of said stack; 

c) concaitrating compsxtm&nSs having ion exchange material juxtoposed to a cation 
exchange membrane and ion exdmnge material juxtaposed to an anion exdiange 
membrane, said ion exchange material juxtaposed to said cation exchange membrane 
consisting substaatialfy only of cation exchange material and said ion exchange material 
juxtaposed to said anion exchange membrane consisting substantia^ only of anion 
exchange mal^ial, fiirtfaer wherein said ion exchange material(s) are not integral wilb 
jsaid anion or cation exchange membranes and said ion exchange material(s) are 
permeable to bulk flow of liquid through said concenti-ating compartments; 

d) at least a mixing element at or in at least one edge of at least one flow pafli in a 
concentrating conq>artm^t spacer for divertfa^ flow at said edge away from said edge; 

e) at least a mixing element at or in at least one edge of at least one flow padi in a diluting 
compartment spacer for diverting flow at said edge awsy from said edge; 
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f) mtenaembrmie spacers including tberein one or more gas-penneable elements ^oabling 
gases in flow patts in said spacers to escape fiom said flow paths, said gas-permeable 
elements not oiabling liquid substantially to escape from said flow padi; 

g) concentrating compartments having flow paths including at least a saeen elem^t having 
a surface legioii, said scre^ demesnt conopiising an ion^eKdiange-fimctionalized region 
substantiaDy onty in said sur&ce r^on; 

h) diluting compartments having flow paths mcluding at least a screen element ha^ 
surface region, said screen client comprising an ion-exchange-fimctionalized r^on 
substantially only in said sur&ce region; 

i) an electric current regutatiog system for optimizing electric c^ 
depoidm^ of R^od on the quantity I/q((^ - Cont), -wheiQ j^^d is a measure of flie 
electrical resistance of product of diluting compartments in said stack, I is a measure of 
electrical currei^ sq;)plied to said stack, q is a measure of flow rate to the dilutmg 
compartments, Ch is a measure of ionized and/or ionizable ^pedes per imit volume in 
liquid fed to said diluting compartm^ts, Coot is a measure of ionized and/or ionizable 
species p^ unit volume in liquid effluent from said diluting compartments, using a 
determination of any substantial inflection in such dependency, and a stack-operating 
ccmtrol system for operating said stack at one or more values of i/qCon- Coot) ^ch result 
in vahies of Rpod greater tiian the value of 1^ at said inflection; 

j) an electric cunesnt control system for maintaining predetermined removal of silica and/or 
boric acid in dfluting compartments of said staclg said current control system including a 
measurment system for determining ionic load fed to said diluting compartments and a 
control mechanism responsive to said ionic load controlling said electrical current at 
levels effective to maintain such pred^ennined removal; 
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k) dilutn^ C(mq)artmi^ coc^i^^ 

at least part of at least one flow padi in at least some of said dtlutiog conqpartments, said 
sui&ce texture effecting substantial^ increased sur&ce area of said membrane compared 
to a similaily configured membrane not having sutface texture; 

1) c(mcentratingcompartm^conq>ri!nng at least one membra 

fadsg at least part of at least one i9ow patti in at least some of said compartm^ts, said 
sur&ce texture effecting substantiaDsr increased sur&ce area of said membrane compared 
to a simiiaiiy configured membrane not having surface texture; 

m) dihxtipg compaitmoits comprising at least one membrane having a sur&ce texture &cing 
at least part of at least one flow pab in at least some of said diluting compartments, said 
sur&ce texture effecting substantial ccmtact with the adjacent membrane, said adjac^t 
membrane havmg or not havii^ not having sur&ce texture; 

n) concentrating conq)artm03ls comprising at least one membrane havi^ 

&ciQg at least part of at least one flow path in at least some of said concentrating 
compartments, said sur&ce texture ejBfecting substantial contact with the adjacent 
m^brane, said adjacent membrane having or not having not having sur&ce texture 

o) an electnccunent control system &r maintaining removal of &e 

dioxide in predetermined regions in dfluting compartments of said stack including a 
measurement sfystem for determining ionic load fed to said diluting compartments and a 
control laedrndsm re^cmme to said ionic load controOiiig said electrical current at 
levels effective to maintain such removal in such predetermined regions. 

2. An eleclrodialysis apparatus according to Clahn 1 finder comprising one or 
more cation exchapge membranes and one or more anion exchange membranes wound 
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together in spiral fotn^ togefter forming one or more spiral diluting compartmaits and one or 
more spiral omceatrating compartments. 



3. An electrodiafysis apparatus accoixling to Claim 2 further comprising liquid 
^ttrances and liquid exits arranged to effect flow of liquid in said one or more spiral diluting 
compartm^ inwardly in a spiral or ahematively outward in a spiral 

4. An dectiodialysis apparatus according to Claim 2, wherein said one or more 
spiral dihitii^ compartm^ define a central axis; said stack also having one or more liquid 
sdrances and exits arranged to efiEsct flow of liquid in said one or rnoie spiral diluting . 
compartments in a direction parallel to said central axis. 

5. An electrodialysis apparatus according to Qaim 2, wherein said one or more 
spiral concentrating compartments define a central axis, said stack also having one or more 
liquid entrances and exits arranged to effect flow of liquid in said one or more spiral 
concentrating compartments inwardly in a spiral or alternatively outwardly in a spiral 

6. An dectrodiaiysis apparatus according to Claim 2, wherein said one or more 
spiral concentrating compartments define a c^tral axis, said stack also having one or more 
liquid entrances and exits arrange to effect flow of liquid in said one or more spiral 
concentrating compaitm^ in a direction paralldl to said central axis. 

7. An electrodia^^ apparatus according to Claim 1 further comprisiiig an 
electric current switdi mechanism tc€ reversing the direction of electric current directed 
ttxrougli said stack. 
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8. ' An electn>diafyds q)parat!is accord!^ 

flow control mechanism for reversing flow direction in diluting compartments and 
concentrating compartments of the stack 

9. An etectrodial^ apparatus according to Claim 1 furber vrfierein said 
diluting compartments comprise ion exchange material juxtaposed to a cation exchange 
mmbrane and ion exchange mateiial juxtaposed to an anion exchange membrane, at least 
said ion exdhai^e material juxtaposed to said anion exchange membrane comprising anion 
exdumge matmal, said anion exchange material in regions adjac^ to compartment 
entrances to said compartments being effective to remove free and combined (avaflable) 
carbon dioxide from liquid altering said compartments primarily as bicarbonate vihea sudi 
combmed carixm dioxide is substantiaUy only bicarbonate. 

10. An electrodia:^ apparatus according to Claim 9 wherein said anion 
exchange matraial in regions adjacent to said compartment entrances is not integral vnOi said 
anion exchange membrana 

1 L An electrodia^^ apparatus accordiag to Claim 9 wherein said anion 
exchange mafioial in regions adjacent to said compartmoit entrance is at least in part integral 
wifli said amon exchange membrane. 

12. An electrodiaiysis apparatus according to Claim I wherein said electric current 
control systion for maintaining predetermined rmoval of silica and/or boric add in said 
dilutipg compaitmeails also comprises at least one segmented dectrode and a control 
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